We previously showed that [Pt(O,O'-acac)(c-acac)(DMS)] ([Pt(acac) 2 (DMS)]) exerted substantial cytotoxic effects in SH-SY5Y neuroblastoma cells, and decreased metalloproteases (MMPs) production and cells migration in MCF-7 breast cancer cells. The ubiquitously distributed sodium-hydrogen antiporter 1 (NHE1) is involved in motility and invasion of many solid tumours. The present study focuses on the effects of [Pt(acac) 2 (DMS)] in SH-SY5Y cell migration and also on the possibility that NHE1 may be involved in such effect. After sublethal [Pt(acac) 2 (DMS)] treatment cell migration was examined by wounding assay and cell invasion by transwell assay. NHE1 activity was measured in BCECF-loaded SH-SY5Y as the rate of Na + -dependent intracellular pH recovery in response to an acute acid pulse. Gelatin zymography for MMP-2/9 activities, Western blottings of MMPs, MAPKs, mTOR, S6 and PKCs and small interfering RNAs to PKC-e/-d mRNA were performed. Sublethal concentrations of [Pt(acac) 2 (DMS)] decreases NHE1 activity, inhibites cell migration and invasion and decreases expression and activity of MMP-2 and -9. [Pt(acac) 2 (DMS)] administered to SH-SY5Y cells provokes the increment of ROS, generated by NADPH oxidase, responsible for the PKC-e and PKC-d activation. Whilst PKC-d activates p38/MAPK, responsible for the inhibition of MMP-2 and -9 secretion, PKC-e activates a pathway made of ERK1/2, mTOR and S6K responsible for the inhibition of NHE1 activity and cell migration. In conclusion, we have shown a drastic impairment in tumour cell metastatization in response to inhibition of NHE1 and MMPs activities by [Pt(acac) 2 (DMS)] occurring through a novel mechanism mediated by PKC-d/-e activation. 
Introduction
Neuroblastoma is the most common tumor among children under 1 year of age and is therefore prone to early metastasis; in 60-70% of neuroblastoma cases, systemic organ or bone marrow metastasis is detected at presentation and is the leading cause of death in these patients. It is of great significance to explore the metastatic mechanisms of neuroblastoma, particularly the mechanisms underlying its systemic dissemination. Cell migration is a complex dynamic process that involves multiple biological features. Highly proliferating cancer cells generate increased levels of lactic acid by Warburg [1] . Intracellular H + , increased as a result of lactic acid dissociation, is actively transported out of the cell with resultant acidification of the extracellular space by the activities of sodium-hydrogen antiporters. Among these exchangers, NHE1 is considered a main regulator of intracellular pH (pHi) in cancer cells; it is regulated by pHi and oncogenic transformation [2] . NHE1 expression and activity have been shown to enhance cell migration [3] [4] [5] and also the invasive capability of tumor cells [6] [7] [8] [9] . The mechanisms by which NHE1 contributes to cell motility are diverse. NHE1 affects cell migration by (i) linking cell volume and directed locomotion [10] , (ii) stabilizing the cytoskeleton via regulation of the intracellular pH, (iii) serving as an anchor to attach the cytoskeleton to the plasma membrane [11] , (iv) exporting H + across the plasma membrane [11] , [12] , (v) interacting with the signalling molecules [13] , [14] and [9] and (vi) controlling gene expression [15] . Since migrating cells may show less sensitivity to standard chemotherapy [16] [17] [18] , the best strategy for cancer therapy must inhibit and/or reduce the spread of tumor cells by targeting the factors which regulate the invasive and migratory activity of cancer cells and so prevent metastasis.
In the present study we use [Pt(O,O'-acac)(c-acac)(DMS)] ([Pt(acac) 2 (DMS)]), a Pt(II) complex specifically designed and synthesized by some of us [19] to overcome some of the problems related to the well-established anticancer drug cisplatin. [Pt(acac) 2 (DMS)] is very stable under physiological conditions [20] showing low reactivity with nucleobases and high specific reactivity with sulphur ligands [19] , suggesting interaction with non-genomic targets, which could be proteins involved in key pathways of the cell metabolism [21] . The effectiveness of [Pt(acac) 2 (DMS)] on various cell cultures in vitro (from endometrium, breast, brain, mesothelium etc.) indicates that it does not require extracellular organismic activation. The possibility that it may act as an intracellularly activated prodrug is also very low. This is because being DMS (dimethylsulphide) the only labile ligand in the metal coordination sphere of this complex, covalent binding to a biological target via DMS substitution or host guest interaction with a specific cellular receptor are the expected drug action mechanisms. Recent work also demonstrated that in these complexes substitution of the sulphur ligand with the much more inert ammonia gave almost the same in vitro cytotoxicity results on cisplatin resistant MCF-7 cells, therefore an activity based on some molecular recognition mechanism may be involved [22] . The ability of this compound to induce apoptosis in human cancer cells has been studied and compared to cisplatin. [Pt(acac) 2 (DMS)] exerts higher and selective cytotoxicity towards cancer, as observed in immortalized cell lines and confirmed in breast cancer cells in primary cultures and in mouse xenograft model of breast cancer [20] , [23] [24] [25] [26] [27] [28] . We previously showed that [Pt(acac) 2 (DMS)] is able to exert cytotoxic effects also on the human neuroblastoma SH-SY5Y cells, which are immature neuroblasts [24] that may represent a reliable model for studying the ability of [Pt(acac) 2 (DMS)] to exert specific antimetastatic responses in vitro. In this paper, we provide evidence that sublethal doses of [Pt(acac) 2 (DMS)] altered some basic biological features of the SH-SY5Y cells, such as the NHE1-mediated regulation of pHi, migration and invasion.
Several protein kinases have been proposed to regulate NHE1 activity, including ERK1/2, NIK, ROCK1, mTOR, p90 RSK and p70 RSK . Among these, ERK1/2 activation has been demonstrated to regulate the Na + /H + exchange, either positively [29] or negatively [30] and [31] ; the role of p70 RSK in the regulation of NHE1 is beginning to be understood, but its implication in cell migration and invasion need to be further evaluated. Therefore, another purpose of the present study was to investigate the diverse intracellular pathways involved in the regulation of Na + /H + exchange, migration and invasion after [Pt(acac) 2 (DMS)] administration. Regarding invasion, migrating cells must break through the basement membrane by secreting enzymes, including metalloproteinases [32] . We previously showed that [Pt(acac) 2 (DMS)] exerts antimetastatic responses in vitro, decreasing metalloproteases production in MCF-7 cells. Thus, to further investigate the molecular mechanism affecting invasion of SH-SY5Y cells, we studied the [Pt(acac) 2 (DMS)]-mediated decrease of MMP 2 and 9 activities.
Our results provide new insights into the relationship between NHE1 and metastatic process, and also demonstrate that activation of ERK is a critical component of the signaling pathway through which [Pt(acac) 2 
(DMS)] inhibits Na
+ /H + exchange.
Materials and Methods

Cell culture
The human neuroblastoma cell line SH-SY5Y from ICLC (Genova, Italy) is a neuron-like cells of human central nervous system origin. SH-SY5Y cells were grown in a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F-12 (Celbio, Pero, Milan, Italy) supplemented with 10% foetal bovine serum, penicillin (100 U/mL) and streptomycin (100 mg/mL), in a humidified atmosphere of 5% CO 2 in air. Cells were grown to 70-80% confluence and then treated with Pt compounds at various concentrations and for different incubation periods.
Cell proliferation assay
The SRB (sulforhodamine B) assay was used as an indicator of cell number as described previously [20] . The percentage of survival was calculated as the absorbance ratio of treated to untreated cells. Viable cells were also counted by the trypan blue exclusion assay and light microscopy.
The data presented are means 6 standard deviation (S.D.) from eight replicate wells per microtitre plate.
Cell wounding and migration assay
The cells were seeded in 12-well culture dishes and cultured until they reached confluence. The cells were then scraped with a 200 mL micro-pipette tip, denuding a strip of the monolayer approximately 500 mm in diameter as described previously [33] .
Transwell invasion assay
SH-SY5Y cells were placed in the well of a multi-well tissue culture plate with inserts creating a two-chamber system separated by a cell-permeable membrane. Invasion is determined by counting those cells that have traversed the cell-permeable membrane having invaded below chamber.
Intracellular pH measurements using BCECF
Intracellular pH was measured at 37uC with the fluorescent pH indicator 29,79-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM) from Molecular Probes, Inc. (Eugene, OR), using a Jasco FP-750 spectrofluorometer (Jasco International Co., Hachioji, Tokyo 192-0046, Japan). The cells were dye-loaded by an incubation for 45 min at room temperature with 2.5 mM BCECF-AM then washed by centrifugation (twice). Using a computer running program (FL Spectra Manager, Jasco Int.), fluorescence was measured alternatively at 490 nm and 440 nm excitation (bandwidth 5 nm) and at constant emission wavelength of 530 nm (bandwidth 10 nm). On-line calculation of fluorescent ratios from these two excitation wavelengths was used to measure pHi. The fluorescence ratio gives concentrationindependent, pH sensitive fluorescence measurements. One hundred microlitres of cell suspension (100 mg of protein corresponding to 1.5610 6 cells) were injected into a cuvette equipped with an electronic stirring system. Fluorescence ratio measurements were made every 2 s. Na + /H + exchange activity was assayed as the initial rate of Na + -dependent pHi recovery after an acid load imposed by adding 20 ml of a Na-propionate stock solution (3. 
MMP gelatin zymography
After [Pt(acac) 2 (DMS)] treatment, the culture medium was collected and SH-SY5Y cells were washed with PBS (phosphatebuffered saline) and harvested by scrapping in 0.1 M Tris-HCl containing 0.2% Triton X-100. Both conditioned medium and cell lysates were centrifuged at 14,000 rpm for 5 min at 4uC to remove cells and debris as described previously [33] .
Western blotting
Preparation of subcellular fraction, western blotting analysis and immunodetection were performed as previously reported [34] . Densitometric analysis was carried out on the Western-blots using the NIH Image 1.62 software (National Institutes of Health, Bethesda, MD), normalizing to b-actin or a-subunit of Na Preparation of small interfering RNA (siRNA) and siRNA transfection Small interfering RNAs (siRNAs) were prepared by an in vitro transcription method, according to the manufacturer's protocol (Promega, Madison, WI, USA). Initially, four siRNA target sites specific to human PKC-e and PKC-d mRNA, as determined by blast analysis, were chosen. For each siRNA, sense and antisense templates were designed based on each target sequence and partial T7 promoter sequence.
Cells were transfected with siRNA duplexes using the protocol supplied with the CodeBreaker siRNA transfection reagent (Promega Corporation) as described previously [35] .
Statistical analysis
Experimental points represent means 6 standard deviation (S.D.). Statistical analysis was carried out using the ANOVA. When indicated, post hoc tests (Bonferroni/Dunn) were also performed. A P value less than 0.05 were considered to achieve statistical significance.
Reagents
[Pt(acac) 2 (DMS)] was prepared according to previously reported procedures [19] , [36] . Dulbecco's modified Eagle's medium, Ham's F-12, antibiotics, glutamine and foetal bovine serum (FBS) were purchased from Celbio (Pero, MI, Italy).
MMP-9, MMP-2, phospho-S6 (S235/236), phospho-specific pAkt (Ser473) and total Akt, phospho-specific p-ERK1/2 and total ERK1/2, phospho-specific p-p38(Thr180/Tyr182) and total p38, phospho-specific p-src (Tyr416) and total src antibodies were obtained from Cell Signalling Technology (Celbio, Milan, Italy). PKC isoforms antibodies, S6, phospho-specific p-mTOR (Ser 2448) and total mTOR, goat anti-rabbit and donkey anti-goat conjugated with peroxidase, as well as control antibodies, were obtained from Santa Cruz Biotechnology (USA). All others reagents were from Sigma (Milan, Italy).
Results
[Pt(acac) 2 (DMS)] prevents invasion and metastasis of SH-SY5Y human neuroblastoma cell line
We showed previously that exposure of the SH-SY5Y cells to [Pt(acac) 2 (DMS)] at concentrations ranging from 1 to 200 mM resulted in a dose-dependent inhibition of cell survival [24] . In order to determine whether [Pt(acac) 2 (DMS)] had effects on SH-SY5Y cell invasion and migration without affecting cell viability, we here used low drug concentrations (0.10, 0.25 and 0.50 mM) and assessed that were not able to induce apoptosis nor assayable cytotoxicity (Fig. 1A) . In vitro invasion and migration assays, including transwell and wound-healing assays, were used to investigate the inhibitory effects of [Pt(acac) 2 (DMS)] on the invasive potency of neuroblastoma cells. As illustrated in Fig. 1B , the data from the wound-healing assay indicated that migration of SH-SY5Y cells was inhibited by [Pt(acac) 2 (DMS)]. [Pt(acac) 2 (DMS)] reduced the migration ability of these cells by 80% (P = 0.026 by Anova) after 24 h (Fig. 1C) . Similarly, the data obtained from transwell invasion assays [37] , showed that 0.5 mM [Pt(acac) 2 (DMS)] inhibited the invasion of SH-SY5Y cells by 83% (Fig. 1D ). These results suggest that [Pt(acac) 2 (DMS)] prevents invasion and migration of SH-SY5Y human neuroblastoma cell line.
The role of the NHE in tumour cell migration has not yet been established, thus we investigate the possibility that NHE1 is involved in such [Pt(acac) 2 (DMS)] effect. Both the migration ability and the transwell invasion potential were strongly inhibited by the specific NHE1 inhibitor, Zoniporide (Fig. 1B , C and D), leading to the hypothesis that the NHE1 plays a fundamental role in these processes.
[Pt(acac) 2 (DMS)] suppresses invasion and migration through NHE1 dependent signalling pathways SH-SY5Y cells constitutively express amiloride-sensitive NHE1 [38] , [39] . NHE1 activity was measured in BCECF-loaded SH-SY5Y as the rate of Na-dependent pHi recovery in response to an acute acid pulse. Fig. 2A represents a normal response and a response in the presence of Zoniporide, a specific inhibitor of NHE1 activity [40] . Cells were exposed acutely to NH 4 Cl in the absence of extracellular Na + , after which the NH 4 Cl was removed from the superfusate (0 Na + solution), resulting in an intracellular acidification of ,0.9 pH units to ,6.3. As seen in Fig. 2A , there was no pHi recovery in the absence of extracellular Na + . Reintroduction of extracellular Na + resulted in a Na + -dependent intracellular alkalinization back to a pHi of ,6.75, at a rate of 0.03 pH U/min. The rate (slope) of the Na + -dependent intracellular alkalinization, calculated from the point at which recovery starts, as indicated by the dashed line in Fig. 2A , represents the NHE1 activity. A similar protocol was used in the presence of Zoniporide (100 nM), as indicated by the dotted line. Zoniporide blocked the Na + -dependent pHi recovery suggesting that NHE1 is responsible for the Na + -dependent pHi recovery in these cells. Fig. 2B shows the basal NHE1 activity (recovery with 140 mM Na + ) and its activities in the presence of increasing [Pt(acac) 2 (DMS)] concentrations: such activity decreased, in a dosedependent manner, by 41%, 78% and 96% for 0.10, 0.25, 0.50 mM [Pt(acac) 2 (DMS)], respectively (p,0.001). In SH-SY5Y cells, the inhibition of Na/H exchanger activity was restricted to [Pt(acac) 2 (DMS)] since cisplatin (0.1, 1 and 10 mM), did not affect it (new Fig. 2B ).
Role of ERK1/2. We previously showed that cytotoxic doses of [Pt(acac) 2 (DMS)] activated ERK1/2 [23] , [24] , [26] . (Fig. 2F) .
Role of p70S6K. The role of p70S6K in cell migration [41] and in the regulation of NHE activity [42] has been established. We studied the phosphorylation of S6, a downstream component in mTOR signaling pathway, and used it as a marker for p70S6K activation. Phosphorylation of S6 was observed 1 min after [Pt(acac) 2 (DMS)] treatment reaching a maximum at 10 min (Fig. 3A) . [Pt(acac) 2 (DMS)] had effects also on additional signaling components in the p70S6K pathways, i.e. increased mTOR phosphorylation, with the same kinetic of S6 phosphorylation, without changing the total mTOR level (Fig. 3A) . PD98059 prevented the activations of both S6 and mTOR, suggesting that MEK/ERK pathway plays a role in the regulation of both proteins in cells challenged with [Pt(acac) 2 (DMS)] (Fig. 3B) .
We investigated the role and mTOR and PI3K in [Pt(acac) 2 (DMS)] effects; thus, two commonly used PI3K inhibitors, LY294002 and wortmannin and the mTOR inhibitor rapamycin (the most potent inhibitor of p70S6K [43] ) were used. Rapamycin (Fig. 3B) . LY294002 and wortmannin (data not shown) had no effect on S6 phosphorylation due to [Pt(acac) 2 (DMS)] (Fig. 3B) . These results indicate that mTOR mediates the regulatory interaction between NHE1 and ERK1/2. In addition, rapamycin reversed the [Pt(acac) 2 (DMS)] effects on NHE1 inhibition (Fig. 3C ) and on wound-healing assays (Fig. 3D) , but not effects on [Pt(acac) 2 (DMS)]-induced inhibition of SH-SY5Y cells Matrigel invasion were observed (Fig. 4E) . Finally, human MMP-2 and MMP-9 active proteins added to cells preincubated with rapamycin (30 nM), or with PD98059 (25 mM), and stimulated with [Pt(acac) 2 (DMS)], restored cell invasion capacity (Fig. 4E ).
[Pt(acac) 2 
(DMS)] decreases expression and activity of MMP-2 and -9
It is known that MMP-2 and MMP-9 expression may be related to metastasis and progression of neuroblastoma. The role of MMP-2 and MMP-9 in SH-SY5Y cell invasion was assessed using (Fig. 4A ) but did not alter the effect of [Pt(acac) 2 (DMS)] on cells viability (data not shown). These data implied that the effect of MMP-2/MMP-9 inhibition on Matrigel invasion cannot be simply attributed to the inhibition of cell proliferation. [Pt(acac) 2 (DMS)] had effects on both the levels and activities in of MMP-2 and -9 (Fig. 4B) .
We showed previously that exposure of SH-SY5Y cells to 1-100 mM [Pt(acac) 2 (DMS)] provoked the phosphorylation of p38MAPK and JNK1/2 [24] . Western blot analysis of phosphorylated p38MAPK revealed that sublethal doses of [Pt(acac) 2 (DMS)] induced a time-dependent phosphorylation of p38MAPK, without affecting the overall level (Fig. 4C) . Thus, the effect of specific inhibitors of p38MAPK on [Pt(acac) 2 (DMS)]-induced MMP 2 and 9 inhibition were examined. When SH-SY5Y cells were pretreated for 30 min with SB203580 (1 and 10 mM), and then with 0.50 mM [Pt(acac) 2 (DMS)] for 24 h, the inhibition of MMP-2 and MMP-9 expression levels was blocked (Fig. 4D) , but the effects of [Pt(acac) 2 (DMS)] on Matrigel invasion were unchanged (Fig. 4E) . Furthermore, the effects of [Pt(acac) 2 (DMS)] on Matrigel invasion were reversed when SH-SY5Y cells were pretreated with SB203580 plus PD98059 or SB203580 plus rapamycin (Fig. 4E) .
The mechanism of [Pt(acac) 2 
(DMS)]-induced MAPK phosphorylation
Role of PKCs. We previously showed that ROS (reactive oxygen species) generated by NADPH oxidase was responsible for the [Pt(acac) 2 (DMS)]-mediated PKC-d and -e activation and consequential phosphorylation of p38MAPK and ERK1/2 [24] . Thus, we used molecular techniques (PKC-e-siRNA and PKC-dsiRNA) in order to inhibit PKC-e and PKC-d and establish their role in MAPKs control. Preliminary experiments by Western blotting demonstrated that PKC-e-siRNA and PKC-d-siRNA were able to decrease PKC-e and PKC-d expressions whilst non specific siRNA (siRNA-NS) had no silencing effect [24] . PKC-dsiRNA blocked p38MAPK phosphorylation and MMP-2/MMP-9 activities inhibition by [Pt(acac) 2 (DMS)] (Fig. 5A) . PKC-e-siRNA inhibited ERK1/2, S6 and mTOR phosphorylation and reversed the effects of [Pt(acac) 2 (DMS)] on both NHE1 activity (Fig. 5C, D) and cell migration (Fig. 5D) . The inhibition of transwell migration (Fig. 5B) .
Role of ROS. Previous observations indicated that some ROS-mediated events, initiated by [Pt(acac) 2 (DMS)], led to inhibition of migration of mammary tumour cells [33] . Here, the NADPH oxidase specific ihnibitor DPI was able to inhibit the cytosol-to-membrane translocation of PKC-e and PKC-d and the ERK1/2 and p38MAPK phosphorylation (Fig. 6B) . DPI also markedly suppressed [Pt(acac) 2 (DMS)] inhibition of MMP-2 and MMP-9. In addition, the effects of [Pt(acac) 2 (DMS)] on NHE1 activity (Fig. 6C) , wound-healing (Fig. 6D ) and transwell invasion (Fig. 6E) were reversed by the pretreatments of cells with DPI.
Discussion
The tumor acidic microenvironment exerts profound influence on cancer cell invasion and metastasis and these characteristics are considered as important targets for the development of new anticancer therapies. Despite numerous studies in this field, the different relationship between pHi and cell invasion is still poorly understood. Nine mammalian NHE isoforms (NHE1-NHE9) are known and several are upregulated and/or activated in tumours [44] , [45] . Altered proton gradients established through upregulated NHE activity sensitise tumour cells much more than normal cells to intracellular acid damage when NHEs are inhibited [46] . Inhibition of NHEs can produce tumour-selective effects. Furthermore, the inhibitory effects of amiloride, ethyl-iso-propylamiloride (EIPA) or 5-(N,N-hexamethylene)amiloride (HMA) on NHEs, particularly NHE1, are thought to be responsible, at least in part, for its anticancer effects [47] , [48] .
In this paper we show that the inhibition of NHE1 constitutively expressed by SH-SY5Y cells [38] , [39] by Zoniporide blocks migration and invasion indicating that these events are mainly mediated by NHE1 activity. We also show that the decrement of the NHE1 activity and the inhibition of migration and invasion of SH-SY5Y cells can be obtained by [Pt(acac) 2 (DMS)]. We previously showed that besides its potent anti-cancer activity in vitro and in vivo [20] , [23] [24] [25] [26] [27] [28] [Pt(acac) 2 (DMS)] also prevented the events leading to metastasis via alterations of MMP-2 and -9 production and activity in MCF-7 breast cancer cells [33] . We show in this paper that [Pt(acac) 2 (DMS)] activated PKC-e/PKC-d and ERK1/2 via the ROS generated by NADPH oxidase. The inhibition of ERK1/2 blocks the [Pt(acac) 2 (DMS)]-induced NHE1 inhibition and restores SH-SY5Y cell motility. Similarly, ERK1/2 activation by Troglitazone decreased NHE activity and pHi in MCF-7 cells and in proximal tubule cells [30] , [31] . In addition, in the medullary thick ascending limb cells of the rat kidney, aldosterone inhibited NHE3 through rapid activation of the ERK signaling pathway and NGF-induced ERK activation inhibited both basal (NHE1 mediated) and apical (NHE3 mediated) surface acid extrusion [49] , [50] . On the other hand, ERK1/2 activation is generally associated with growth factor stimulations, enhanced acid extrusion, and elevated pHi as in the rat myocardium [51] . Interestingly, NGF inhibited NHE1 through the parallel activation of PI3K-mTOR and ERK signaling pathways [42] . ERKmediated regulation of NHE1 activity may occur by direct phosphorylation of the exchanger regulatory domain [51] and/or indirectly through one or more downstream effector(s) [52] . One potential such effector is p70S6K. We show in this paper that [Pt(acac) 2 (DMS)] increases the phosphorylation of mTOR and also of the downstream component in rapamycin-dependent mTOR signaling pathway, S6. Little is known regarding the mechanism by which p70S6K regulate acid extrusion; however, it has been reported that, in cultured human renal proximal tubule cells, gastrin-induced S6 activation increased the phosphorylation and internalization of NHE3, therefore decreasing its expression at the cell surface [53] .
Akt is a downstream target of PI3K that links PI3K to mTOR [54] . Although our previous studies indicated that [Pt(acac) 2 (DMS)] activates Akt, we here show that the inhibition of PI3K does not affect mTOR phosphorylation. Thus, regulation of p70S6K in response to [Pt(acac) 2 (DMS)] must therefore involve other signaling events. Although the p70S6K and ERK cascades have been believed to lie on distinct pathways [55] [56] [57] , in accordance with another study [58] , our results indicate the presence of a signaling cross-talk between these cascades, as S6 activation was blocked by the MEK/ERK inhibition (Fig. 3B) . The sensitivity to rapamycin (Fig. 4E) is consistent with in a signaling pathway linking [Pt(acac) 2 (DMS)] to NHE1 inhibition through ERK, mTOR, and S6, as shown in Fig. 7 . p70S6K has recently been indicated as a key signallig pathway for development of Th17 cells and as such it has been proposed that specific inhibitors of p70S6K may have a beneficial role in autoimmune diseases [59] , [60] . Th17 cells appears to initiate, maintain, and enhance protective antitumor immunity in some cases. How the tumour regulates downstream signaling pathways in Th17 cells might impact their fate; however, natural versus induced Th17 cells are regulated by Akt and mTOR pathways [61] . Therefore, a future study of [Pt(acac) 2 (DMS)] as anticancer and immunostimulatory agent for a vast array of malignancies would appear to be worthwhile. In addition to its well-known ion translocation function, the C-terminal cytoplasmic tail of NHE1 interacts with actin-binding proteins resulting in promotion of cytoskeletal reorganization and cell migration. Indeed, the inhibition of critical component in these pathway restored SH-SY5Y cell motility in wound-healing assays but not in transwell invasion assays [37] .
Cell invasion typically characterize cancer cells with actin remodeling being one of the crucial elements of a deregulated actin system in malignant transformation. Degradation of ECM is another of the first steps in tumor invasion and metastasis and metalloproteases (MMPs) have been strongly implicated in this step [62] . MMPs correlate with tumour expansion and poor prognosis [32] . MMPs also play an important role in the invasion of malignant cancer cells into the surrounding and far distant normal tissue that will cause difficulty in the chemotherapy of patients [63] . Therefore, the inhibition of MMPs may be a useful strategy in the early tumor stages. It was reported that MMP2 and MMP9 are predominantly expressed in neuroblastomas and that both MMPs mediate invasion and angiogenesis [64] , [65] ; they show increased expression in advanced stage disease [66] [67] . Here we found that [Pt(acac) 2 (DMS)] inhibited expression and secretion of MMP2 and MMP9 in SH-SY5Y cells.
The effects of [Pt(acac) 2 (DMS)] on tumor cell invasion is associated with p38/MAPK. In fact, the p38/MAPK inhibitor SB203580 reversed the [Pt(acac) 2 (DMS)]-provoked inhibition of MMPs secretion (Fig. 4D) . We determined the position of p38/ MAPK in the signalling pathway chain from ROS production to invasion inhibition. The down-regulation of PKC-d by siRNA-PKC-d blocked p38/MAPK activation and reversed the [Pt(acac) 2 (DMS)]-provoked inhibition of cell migration through transwells (Fig. 5B) . The activation of PKC-d monitored following its cytosol-to-membrane translocation induced by [Pt(acac) 2 (DMS)] was blocked by the inhibition of the NADPH oxidase (Fig. 6B) .
Taken together, these findings suggested that the inhibition on invasion and migration by [Pt(acac) 2 (DMS)] may be through a down-regulation of MMP2, MMP9 levels and NHE activity of SH-SY5Y cancer cells.
In conclusion, we have shown a drastic impairment of cell motility in response to the inhibition of the NHE1 by [Pt(acac) 2 (DMS)] occurring through a novel mechanism mediated by PKC-e/ERK/mTOR pathway. Since altered proton gradients established through upregulated NHE activity sensitise tumour cells much more than normal cells to intracellular acid damage when NHEs are inhibited [46] , selective inhibition by [Pt(acac) 2 (DMS)] of the molecular mechanisms leading to NHE1 activation may therefore represent an alternative approach to decrease cancer invasion and motility. 
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